Our work deals with the problem of producing a complex metal-ceramic composite using the processes of internal oxidation (IO) 
Introduction
An attractive and viable approach for improving the strength of copper is to introduce fine Al 2 O 3 particles into the Cu matrix, resulting in an oxide dispersion strengthening of the alloys (ODS alloy). A copper matrix containing fine nano-sized particles is attractive for its excellent combinations of thermal and electrical conductivity and overall microstructural stability. Internal oxidation (IO) can be used in order to achieve the fine Al 2 O 3 particles in the Cu matrix.
Internal oxidation (IO) is a diffusion-controlled process involving selective reactions of a less noble solute or second phase particles with oxygen (also nitrogen or carbon) diffusing in from the surface. The phenomenon is well understood for single phase solid solutions and can be interpreted according to the known theoretical models. From a technological standpoint the process can be used for oxide dispersion strengthening of alloys (ODS alloy) which retain improved mechanical properties at high temperatures [1] . Tensile strength of ODS alloys can be improved additionally by severe plastic deformation, which can be achieved with equal channel angular pressing (ECAP), Figure 1 [2] . The ECAP processis a novel technique for producing ultra-fine grain structures on the submicron level by introducing a large amount of shear strain into the materials without changing the billet shape or dimensions [3] . Previous research on grain refinement and microstructural characteristics during the ECAP process are based mainly on one phase materials such as Cu and Al [4] [5] [6] .
The influence of oxides or precipitates on the microstructural characteristic during the ECAP process has been investigated rarely. In fact the combination of IO and the ECAP process has not yet been studied and no information is available.
This paper describes the influence of the ECAP process on the microstructural characteristic of one phase and multiphase materials. The microstructural features in one phase and multiphase material were studied on partially internally oxidized Cu-0.4%wt.Al sample, composed of one phase copper-aluminum solid solution in the core and fine dispersed oxide particles in the same matrix in the mantle region.
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Experimental
IO of the samples was used in the first step of processing to attain a fine dispersion of nano-sized oxide particles in the metal matrix. Furthermore, the second step, the repeated application of severe plastic deformation of the resulting metal-ceramic composites is applied as an effective technique for producing bulk nano-scaled structures [7] .
The experiments have been performed using a sample of internally oxidized Cu-0.4 wt.% Al alloy. Billet cross-sections of 10 x10 mm 2 and 50 mm in length were made by vacuum melting, mold casting and calibration rolling. Billets were then homogenized for 1 hour at 1173K. The IO procedure was performed in a mixture of equal parts of copper oxide and copper metal powders enclosed in a glass ampule and held at 1173K for 72 hours in a tube furnace. This procedure allowed a partial pressure of oxygen to be equal to the decomposition pressure of copper oxide and maintained the saturation concentration of oxygen in the surface of the billet.
Within our research we have designed our own ECAP tool. Many parameters had to be taken into consideration regarding billet shape, size and maximum work load. We decided to use a 90 o die with a square section of 10 x 10 mm 2 cross-section and billet length of 50mm. The outer radius of curvature was 1mm. The die, which consisted of two blocks which were bolted together to give a single internal channel and the piston, were made from UTOP Mo1 tool steel, hardened to approximately 61 HRc. A simple standard press with 60 metric tons capacity was used. The ECAP pressings were carried out at room temperature using a route where the billet is rotated by 90 o in alternate directions. The billet was pressed four times through the ECAP die.
The samples were taken transversely (x plane) and longitudinally (y plane) to the pressing direction after each step of technological process, as shown in Figure  1 , and demonstrated schematically in other Figures.
From each plane two samples were taken, one from the mantle region and one from the core.
Microstructural characterization was carried out by AFM, X-ray diffraction and Raman spectroscopy. The samples for measurements were prepared with standard metallographic preparation methods using mechanical polishing with 0.05 µm alumina and etched with FeCl 3 +HCl.
Results and discussion
AFM measurements
The technological process was observed with AFM. Results for samples taken transversely to the pressing direction are shown in Figure 2 , and for samples taken longitudinally to the pressing direction are shown in Figure 3 (Fig. 2a) , while in the IOZ there are sprouts distributed equally through the whole zone. In Figures 3b and 3c , taken from the longitudinal plane, nanodomains of oxide are clearly and undoubtedly seen. They are bright in the original material matrix for the sample taken from the mantle region, and for the sample taken from the core just a few spots are hardly distinguishable.
After IO we obtained a one phase copperaluminum solid solution in the core and finely dispersed oxide particles in the same matrix in the IOZ with a mean width of 2.6 mm.
The core of the sample remained one phase Cu-0.4%Al solid solution with slightly increased grains as a consequence of grain coarsening at higher temperatures. Contrary to this, in the IOZ precipitated oxide particles hindered the process of grain growth.
The application of ECAP leads to enormous differences between the planes, as well as zones for each plane. Figure 3d , taken from the IOZ of a longitudinal plane, shows us clear waves up to 300 nm high. We registered 3 wave-like shapes of 50 µm length. In the sample core (Fig. 3e) , the wave height goes up to 500 nm, while their number is over 15 with 50 µm length. This points to the fact that the IOZ is harder and more deformation resistant than the sample core, where there was no oxidation. For the transverse plane (Fig. 2 ), the situation is completely different. Amorphization of the sample seems to be greater. The figure taken from the IOZ (Figure 2d) shows a wave-like shape. However, it is very small and of insignificant height. In the sample core, Figure 2e , there is an almost flat area. Therefore, the oxidation makes very big difference in the spectra. It is also obvious that the initial conditions, connected to the billet rolling, have a big influence on the final result. In both cases there is a clear difference in oxidation between the core and mantle region, but also the hardness and deformation degree show interesting and non-monotonous dependence. 
X-ray diffraction
The formation of phase and crystal structure of our samples after ECAP, both transversely and longitudinally to the pressing direction, were approved using the X-ray diffractometer, Model Philips PW 1050 difractometer equipped with a PW 1730 generator, 40kV x 20mA, using Ni filtered CoK α radiation of 1.778897 Å at room temperature. Measurements were done in the 2θ range of 10-100 o with a scanning step of 0.05 o and 10s scanning time per step.
Diffraction patterns obtained from the longitudinal plane (Figure 4) show clearly the diffraction maxima crystalline phases that crystallized in the cubic structure in the 225th space group Fm-3m in the Custructural type. In addition to these diffraction maxima,weak ones can be observed that can be joined at two phases (in the case of core Cu-0.4%wt. Al) or three phases (in the case of the IOZ of the Cu-0.4%wt. Diffractograms for the transverse plane are significantly different ( Figure 5 ). Although in this case the same crystalline phase Cu is registered, the intensities are much less. After the clear maxima of metal copper, there is no presence of other phases in both samples. Also, from the relative ratio of clearly distinguished peaks one can tell that the sample taken from the IOZ shows preferable orientation in the (220) direction, while there is no such orientation in the sample core. This statement can be concluded for the longitudinal plane from Figure 4 as well.
Raman spectroscopy
The micro-Raman spectra were taken in the backscattering configuration and analyzed using a JobinYvon T64000 spectrometer, equipped with a nitrogen cooled charge-coupled-device detector. As an excitation source we used the 514.5nm line of an Ar-ion laser. The measurements were performed at 20mW laser power.
For analysis of the Raman spectra we assumed that all phonon lines were of the Lorentzian type, which is one of the common types of lines for this kind of analysis. Another common type of line is the Gaussian [8] . On Figs. 6 and 7 the obtained representative Raman spectra are presented. As we have already mentioned, phases of Cu, Cu 2 O, Cu 3 O 4 and Al 2 O 3 were all registered by XRD. These phases can be nanodimensional, but also amorphous. For analysis of the vibration properties, in this case it is crucial to understand the vibrational properties of bulk materials, which is why we started the analysis of the obtained Raman spectra with a brief report about the structural and vibration properties of all potentially present phases in the sample. We expect that bulk modes would be shifted and broadened as a consequence of miniaturization or amorphization.
Pure copper has a face-centered cubic crystal structure and the first order of Raman active modes are not active.
CuO-based materials have been investigated extensively during the past two decades. In particular, the two main copper oxide phases, which are cupric oxide (CuO) and cuprousoxide (Cu 2 O), are considered to be among the most important semiconductors. CuO has monoclinic symmetry with the space group C 2h 6 [9] . There are four Cu-O molecules per unit cell, and two Cu-O units in the primitive cell. The vibrational properties of CuO have been analyzed before using group theory and semi-empirical calculations [10] . CuO has 12 phonon branches because there are four atoms in the primitive cell. A factor-group analysis gives the following zone-center modes:
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The three acoustic modes are A u + 2B u symmetry. Among the nine optical modes, three are Raman active (A g +2B g ), and the remaining six are IR-active (3A u + 3B u ) [11] .
Cu 2 O crystallizes in a cubic lattice with two molecules per unit cell and space group Pn3m. Since it exhibits inversion symmetry, its electronic and vibrational states are of definite parity. The lattice dynamics of Cu 2 O have also been studied by a number of workers [12, 13] . It can be shown that Cu 2 O possesses three acoustic and 15 optical branches with symmetry F 1u , which are infrared active; F 2g , which is Raman active; and other symmetry -forbidden modes, F 2u , A 2u and E u , which in Raman scattering become allowed through an intrinsic selection-rule violating mechanism, and have been seen very near resonance with several exactions in CuO [14] .
For the paramelaconite structure, group theory predicts 42 vibrational modes with the following irreducible representations at  -point of the Brillouin zone:
Г vib = 3E g + A 1g + 2B 1g + 9E u + 6A 2u + 5B 2u + 2B 1u + 2A 1u (2) A 2u + E u are the acoustic modes. All others are optical modes, among which nine are Raman active (A 1g , B 1g , and E g ), 21 are IR active (A 2u and E u ) and nine are silent (A 1u, B 1u , and B 2u ) [15] .
It is well known [16] The irreducible representations for the acoustic modes are 2A 2u + 1E u . Since the unit cell has a center of symmetry, all first order Raman allowed vibrations are infrared forbidden and vice versa. More specifically, for corundum, vibrations with symmetry A 1g and E g are Raman active and infrared inactive, while the A 2u and E u vibrations are infrared active and Raman inactive. The A 1u and A 2g vibrations are inactive in both the infrared and Raman experiment. So,  -Al 2 O 3 gives rise to seven Raman active modes 2A 1g + 5E g [17, 18] .
The Raman spectra presented in Figures 6 and 7 can be described using the prior analysis, so the original sample, taken longitudinally to the pressing direction, can be reconstructed with 7 Lorentz profiles. The positions of these modes match Cu 2 Other phonons have less shifted positions than the phonons in the sample from the core, in comparison to the original material. Nevertheless, the main feature of these spectra is very low intensity. The useful signal does not go over 40 counts, which makes quantitative analysis much harder.
After the application of ECAP there is a distinctive rise of useful signal (about 3 times higher). In comparison with samples before ECAP, there is one new line that comes from α-Al 2 O 3 (A 1g (internal) 648 cm -1 ). However, a more important feature is the change in intensity of some lines. The dominant line in the spectrum is the one at 471 cm -1 which comes from Cu 4 O 3 . This line has almost natural linewidth for bulk phonons, which indicates that there is a crystal structure of Cu 4 O 3 cluster. The phonon at 290 cm -1 is enhanced and broadened. The integral intensity of this phonon in the sample from the mantle region is 3 times higher than the intensity in the sample from the core, and 15 times higher than before the application of ECAP. The intensity shift of the phonon at 420 cm -1 is also interesting, while in the sample from the core there is no intensity shift, as expected, and in the sample from IOZ the intensity was changed by almost 4 times. The only phonon which was more intensive in the core material after the application of ECAP was the E g phonon of α-Al 2 O 3 . In the spectrum from the sample taken from the core, the multi-phonon from Cu 2 O is missing.
The situation is different for the samples taken transversely to the pressing direction. The original sample has the simplest spectrum. Firstly, the useful signal is very weak and it is about 10 counts, which is on the border with noise. We can hardly distinguish the four modes which came from Cu 2 O (F 2u 80 cm -1 , E u 102 cm -1 and F 1u 635 cm -1 ) and α-Al 2 O 3 (E g 560 cm -1 ). Phonon positions are shifted towards lower wavenumbers in comparison to the phonons in the longitudinal plane. Other phonons are probably in the noise and we were not able to detect them. After the IO the spectrum of the sample taken from the core stays almost unchanged. It seems that now the phonon Cu 2 O (F 1u 150 cm -1 ) can be distinguished from the noise. The signal is a bit better in this spectrum, so that could be the reason for the appearance of this phonon. In sample from the IOZ there are the same phonons as registered for samples taken from the longitudinal plane, and the signals have similar intensities.
After the application of ECAP there were no drastic changes. The shape of the spectrum remained the same without further appearance of a new line, as was the case for samples taken from the longitudinal plane. The most significant was the phonon of α-Al 2 O 3 (E g 575 cm -1 ), while its position in the sample taken from the core shifted to 560 cm -1 . There is also a significant rise of intensity for phonon Cu 2 O (F 2g 525 cm -1 ). The signal did rise 10 times after the application of ECAP, but the lines are broader, which indicates amorphization inside the sample.
Conclusions
In our research we investigated the microstructural characteristic of multiphase material based on internally oxidized Cu-0.4%wt Al that was subjected to the ECAP process. From the obtained results and their analyses several conclusions have been made:
With high temperature internal oxidation we obtained homogeneously distributed Al 2 O 3 particles in the coat region of the billet.
AFM measurements show clearly that the IOZ is harder and more deformation resistant then the sample core.
The obtained results indicated that the plastic deformation of the sample did lead to amorphization of the sample which might result from the increase in the free energy due to the high density of dislocations. This means that if the stored deformation energy increases upon straining, it is conceivable that transformation into the amorphous regime is energetically favorable.
The amorphization degree is bigger in the transversal plane than in the longitudinal plane.
The final sample has polyphase structure, and consists of Cu, CuO, Cu 2 O, Cu 4 O 3 and  Al 2 O 3 . The phase arrangement is nonhomogenous, and it directly follows the technologica lprocess of making alloys.
